A new fault injection and Gini concordance based method has been developed for fault severity analysis for multibody mechanical systems concerning their dynamic properties. The fault tree analysis (FTA) is employed to roughly identify the faults needed to be considered. According to constitution of the mechanical system, the dynamic properties can be achieved by solving the equations that include many types of faults which are injected by using the fault injection technique. Then, the Gini concordance is used to measure the correspondence between the performance with faults and under normal operation thereby providing useful hints of severity ranking in subsystems for reliability design. One numerical example and a series of experiments are provided to illustrate the application of the new method. The results indicate that the proposed method can accurately model the faults and receive the correct information of fault severity. Some strategies are also proposed for reliability improvement of the spacecraft solar array.
Introduction
Nowadays, high reliability performance is required for mechanical systems, motivating scholars to develop a variety of methods and strategies to improve the performance of the mechanical systems [1] [2] [3] [4] , from conceptual design stage when information is insufficient compared to the detailed design phrase when adequate empirical data are collected [1] [2] [3] [4] [5] .
Till now, three types of reliability analysis for mechanical systems have been proposed. The first type of methods originates from the fault tree analysis (FTA) and reliability block diagram (RBD) [6] . For instance, Xiao et al. [7] discussed the reliability modeling and analysis method of one typical mechanical system based on FTA and summarized the possible faults and their mechanism. Furthermore, FTA and RBD have been proved to be effective in summarizing the faults in the initial stage of reliability analysis [7] . The second way is proposed by using the extended form of Petri net and the neutral network [8] [9] [10] [11] [12] [13] . For example, many extensions to the Petri nets, such as the colored Petri net, timed Petri net, and prioritized Petri net, have been successfully developed and applied in analyzing working properties of systems and conducting fault diagnosis [8] [9] [10] . A major concern in enhancing reliability of the mechanical systems today is to continue improving their dynamic performance. These methods listed in [8] [9] [10] [11] [12] [13] are verified effectively in reliability analysis of the distributed mechanical systems, but they did not consider more on whether the components are in good condition or not, rather than the dynamic performance. The third type is conducted, within the scope of dynamic properties, applying the numerical simulation to measure the dynamic properties of the mechanical system with faults and detecting the failure mechanism and weak links of the system [14, 15] . But the methodologies are not developed and little literature related to this area has been published.
Although some progress has been made in this area, at least four major barriers must be removed to perfectly realize the reliability analysis of the mechanical systems. Firstly and obviously, for a long time it has been wellknown that reliability, availability, and safety of complicated mechanical systems cannot be obtained solely by the careful design, the quality endurance of manufacturing, or other techniques for preventing failure. This might be caused 2 Mathematical Problems in Engineering by the properties inherent to the system itself and the complex relationship between the units and unknown fault characteristics embedded in the system. It is verified that the complicated connections of the components cannot be described by the Boolean logical symbols. Namely, FTA and RBD cannot model the mechanical system accurately. Moreover, the conventional methods of analyzing reliability rely on the statistical models. The use of statistical-based methodologies, partly effective though, tends to be not so easy for reliability improvement on account of lack of failure data. Take the typical mechanical system, that is, the spacecraft solar array, as an example [1, 7] . Over the last ten years, Airclaim's Ascend SpaceTrak database has documented 117 satellites solar array anomalies, in which twelve solar array anomalies directly resulted in total satellite failure. Designers have well-recognized the importance of solar array reliability, but to our best knowledge a detailed reliability analysis is still lacking [16, 17] . So it is of great importance to investigate the fault severity of the spacecraft solar array. As it is impossible to wait and get statistical data from field operation of the system for one spacecraft design task, it is necessary that preliminary studies of the dynamic operation of the mechanical systems in presence of anticipated faults should be figured out during all phases of operation. It is quite evident that seizing the weak links of the mechanical system should be a better way to evaluate and prompt the reliability of the mechanical system. Secondly, the approach considering dynamic properties is probably much more useful for actual engineering applications. There is considerable amount of literature on investigating the characteristics of the dynamic output with many types of faults, such as the acceleration, momentum, and kinetic energy. It is worth noting that this type of methods focuses on the dynamic property which is the symbol of performance for a mechanical system. But the evaluation methods, including the approach of capturing the severity of the faults, are not clearly identified. Namely, in the field of dynamic characteristic based methodologies, the indicators which reveal the uniqueness of diverse faults have been scarcely reported. Thirdly, some scholars simulated the dynamical performance of the typical mechanical systems with faults [14, 15] , yet little methodologies have been carried out in the scope of experiments to validate the results and seek the fault-prone parts. Finally, it is well-recognized that improving the weak links of the system is more meaningful than promoting all of the parts in the system. So in another view, the severity ranking of the units in the subsystems is the premise of reliability improvement. We can summarize that ranking of the faults can be roughly obtained by the existing methodologies, but the quantitative and credible ranking of components could not be clearly identified.
To sum up, a major thrust of reliability analysis for complex mechanical systems is to get the weak links of the mechanical system by the dynamic properties and to acquire the information of the components which is easier to fail. Namely, completing the fault severity evaluation is a more effective way of reliability analysis for mechanical systems. As a result, the concept of combining the fault injection techniques and the Gini concordance for fault severity ranking evaluation as a new approach to realize fault ranking is introduced in this paper.
Fault injection is the notion firstly raised by the computer scientists that is defined as the reliability validation technique on the basis of the realization of the system [18] . That is, the artificial faults are injected into the system and the resulting behavior is observed. The earliest work done for fault injection can be traced back to Harlan Mill's (IBM) work [19] [20] [21] . Attempts to resolve the problem of low dependability in computer system have resulted in the development of fault injection. In the 1980s when the integrated circuit (IC) was rapidly developed, the hardware-based fault injection was widely employed to exercise a system under the analysis with specially designed test hardware [21] . A couple of methods related to fault injection were proposed to solve issues related to reliability analysis and a wealth of information can be found in the related literature [21, 22] . Fault removal and fault forecasting can be carried out by the fault injection techniques which yield the following three benefits [21] . The first is that it helps understand the effects of the real faults and the related behavior of the target system. The second is that it provides a feedback for enhancement and correction of the system. The third is that it forecasts the faulty behavior of the target system. From the literature survey, fault injection is an effective way to investigate the reliability of the mechanism, but the concept and application of fault injection have been rarely applied to fault analysis of the mechanical system, which is known as the multibody dynamic systems. So this paper tries to obtain the working properties with faults by using the fault injection techniques.
After we get the output dynamic parameters with faults using the technique of fault injection, one indicator is needed to evaluate the severity of the faults. The traditional methods, such as the evaluation of the relative error, strongly require the discrete data with same amount which might not be always satisfied. In addition, the concordance reflecting the trend of the data may not be clearly rated by the tradition relative error. In the 1910s, Corrado Gini introduced a measure of association named Gini concordance, which is widely used in modern economics and management [23] . The literature shows that the Gini concordance presents the accurate evaluation of the dependence among the parameters, quantitatively exploring the intrinsic relations of them [23] [24] [25] [26] . What makes Gini concordance measure better for fault severity analysis is that it has the concrete mathematical description and clear physical meaning which is adaptive for measuring the severity of different faults, especially fits for processing the data of dynamic output. Especially, the Gini concordance can compare the trend of the two couples of data of dynamic properties. Since then, reliability approach by using Gini concordance has been extensively explored and it is still under investigation as well in methodological aspects as in concrete applications.
Consequently, the primary purpose of this paper is to implement the research on fault severity evaluation by using the fault injection techniques to propose the index, to evaluate the severity of faults, and to explore the characteristic and uniqueness of the faults embedded in the mechanical system. The concept and technique of fault injection are Mathematical Problems in Engineering 3 used to get the dynamic behavior of the mechanical system. The Gini concordance is applied to measure the severity of different faults. The methodologies are illustrated by one case study of the spacecraft solar array mechanism. Overall, this paper is structured as follows. Section 2 devotes to the proposed method involving the fault injection technique for mechanical system and the formulation of Gini concordance. Section 3 selects the spacecraft solar array as a case to validate this new method. In this section, the dynamic performance with local faults by fault injection technique and the severity ranking of the faults by the Gini concordance are investigated. All the results are demonstrated by the experiment conducted on the setup. This study illustrates the weak links of the solar array and gives the strategies for reliability design. The last section concludes the paper.
The Proposed Method
The new method consists of two aspects, the technique fault injection technique and the severity ranking by Gini concordance. The ranking of fault severity can be achieved by the following steps ( Figure 1 ).
(1) The fault modes are investigated in this step. For example, some basic fault modes such as crack, deadlocking, and lack of driving force can be summarized by the fault tree analysis (FTA) methods.
(2) The selected fault modes can be injected into the model and the prototype by the simulation-based technique and the execution-based technique, respectively. Mathematical modeling and solution are processed in this step. The correctness of the simulation model is validated by the dynamic output generated from the prototype. Then, all kinds of diverse output reflecting the dynamic characteristics of the mechanical system can be obtained.
(3) Gini concordance is used to evaluate the dependence between the normal and abnormal operation and to judge the severity of the faults. As depicted in Figure 1 , in the table of summary of Gini concordance, Abnormal 1 is less severe than Abnormal 2. The reliability strategies should incline to adopt some techniques to improve the reliability of the related parts in Abnormal 2.
The following parts in this section provide detailed illustration of the new method.
Fault Mode Analysis.
At the beginning, designers should determine the types of faults which will be injected to the system. The approach to filtering the faults can be summarized in the following steps.
(1) System Decomposition. In order to analyze working principle of the studied mechanical system, the system can be decomposed into many subsystems and components based on the fault logic (Figure 2(a) ).
(2) Establishment of the FTA Model. To understand the logic leading to the top event, one can get the FTA model by the events and logic gates [6, 27] . By analyzing the relations between all of the parts in the mechanism, one can connect the components/events by the AND gate or OR gate. Some tests can be conducted to validate the correctness of the FTA model. Figure 2 shows the crank slider mechanism as an example to illustrate the new method of fault injection. The mechanism can be separated into the motor, the crank, the link and the slider, and the sensors. All of these parts can be connected by the logical gates of AND, OR, or NOT. Take the fault tree in Figure 2 (b) for instance; the FT illustrates the law of all the connections in the system. The FT can be summarized into four layers from the total system, main faults to the subsystems, and the units/components. The notation denotes the top event and ( = 1, 2, . . . , ) represents the th ( = 1, 2, . . . , ) bottom event in which is the number of the bottom events. The top event can be expressed by the Boolean algebra function using the logic symbols AND and OR:
So the probability of the top event described as the probability of the system fault is stated as
In this case, reliability degree of the system equals to
(3) Identification of the Fault Probability. Concerning the experts' experiences and the history data, the Delphi method is used to provide the fault probability of the faults [28] . Table 1 collects the judgments of different experts with the score scale [0, 10]. experts are invited to evaluate the bottom events by providing scores; the score of the th event can be achieved as follows:
where is the score of the th bottom event provided by th ( = 1, 2, . . . , ) expert.
( = 1, 2, . . . , ) ( ≥ 1) is the adjustment parameter of the th bottom events which is derived from the previous operation data. If the event of the th bottom events did not happen, then = 1. If the event could be searched as actual cases in the previous data, then > 1. We define that if it happened once, then = 1.1, twice, then = 1.2, three times then = 1.3, and so forth. According to , one can search the corresponding fault probabilities of the different events as ( = 1, 2, . . . , ) in Table 2 , in which ppm means parts per million [6] . the higher the value is, the more important the fault is. This index is defined as [29] ℎ ( ) = .
Total system

Subsystems
Units/ components Main failures
Referring to the results of the probability importance, the faults which need to be injected to the system are determined [29] . According to the evaluation results from the probability importance, one can initially and roughly judge which faults are relatively dangerous. The fault which owns higher probability importance is easier to fail.
Fault Injection Technique and Dynamic Output.
As reported, there are two major categories of fault injection techniques: the simulation-based and execution-based [21] .
In the former category, a model of one system is developed 
. . . and faults are introduced. The model is then simulated to investigate the effects of the fault on the operation of the system. In the latter one, the system itself is manufactured as a prototype and some rules are used to cause typical faults in the system, and the dynamic results reflect the severity of the consequences. Additionally, the weak links can be successfully found. The execution-based method validates the results of simulation-based method. Two points should be highlighted here. Firstly, we focused on the dynamic problems of one mechanical system, so the fault injection technique is indeed operated by changing the dynamical parameters. Secondly, it should be noted that the failure mechanism of the mechanical system is always "binary, " which means that the main means of the fault injection is completed by removing the related parts in the mechanical system.
Bottom event
1 2 3 ⋅ ⋅ ⋅ . . . Bottom event 1 2 3 ⋅ ⋅ ⋅
The Simulation-Based Technique.
The simulation-based technique of mechanical system needs one complete description of the dynamic behavior, namely, the dynamic equations. Generally, consider a mechanical system which can be described by the standard holonomic form of the Lagrange's equation:
where is the number of coordinates and is the generalized coordinates. and represent the kinetic energy and the potential energy of the system. is the Lagrangian function as ( ,, ) = ( ,, ) = − ( , ) .
As the mechanism illustrated in Figure 3 (a), particles with the masses 1 and 2 are connected by a rigid massless rod. The spring with stiffness and damper with damping ratio link 2 and the rod and then the rod rotates around the point with the angular velocity .
For this mechanical system, the faults can be injected by the following techniques. 
where is the number of the masses in the system.
(2) Rotational Inertia. For the rotational components, if the component is out of service, the fault can be injected by setting the rotational inertia as
where is the number of the related rotational inertias in the system. 
where is the number of the compressive or torsion springs.
(4) Damper. If the damper fails, the fault will be injected by setting the stiffness as shown in Figure 3 (d) as
where is the number of the dampers. (5) Deadlocking of the Slider. As depicted in Figure 3 (e), if the slider is stuck, the fault will be injected by setting the relative displacement as
where denotes the number of the sliders.
(6) Fault of the Drive Motor. As shown in Figure 3 (f), if the motor fails, the input axis will be fixed and the angular velocity will be set as
where denotes the number of the drive motors.
The Execution-Based Technique.
The execution-based technique for fault injection is conducted in an actual experimental setup or a prototype [21] . Considering the most widely used machines, the techniques for fault injection are summarized in Table 3 .
Dynamic Output.
According to the analytical resultsbased method, the dynamic output will be obtained by solving the dynamic equations. For instance, the dynamic output of the normal and abnormal operation can be described as the vectors X and Y:
where is the size of the output vectors.
Formulation of Gini Concordance.
Generally a main idea of fault severity analysis is to calculate the degree of similarity between the ideal dynamic output and the faulty output. The traditional formulation denotes the average absolute difference between the two vectors. This index is able to reveal the actual discrepancy of the two vectors, but it cannot distinguish the trend of the varying variables. As in the case shown in Figure 4 , the average discrepancies between and in (a) and (b) are probably similar, whereas their trends are distinct to each other. If we use the conventional methodologies of actual discrepancy of the two vectors, these two cases may get the same concordance measure. In order to comprehensively take account of the data concordance, the Gini concordance measure is introduced to evaluate the fault severity.
The Gini concordance is adopted in evaluating the severity of the fault caused by particular links. On the basis of (14) two ascending sequences are depicted as [19] (
8
Mathematical Problems in Engineering
The vectors = { } =1,2,..., and = { } =1,2,..., represent the ranks in a sample of size of two continuous random variables X and Y. Then, the Gini concordance can be defined as [21] 
where ⌊ 2 /2⌋ denotes the integer part of ( 2 /2).
Effective Period and Data Unity.
The dynamic output is summarized as the displacement or the angular displacement Θ = (Θ 1 , Θ 2 , . . . , Θ ) 1× which can be directly detected by the sensors on the uniform time interval Δ . Then, the (angular) velocityΘ = (Θ 1 ,Θ 2 , . . . ,Θ ) 1× and the (angular) accelerationΘ = (Θ 1 ,Θ 2 , . . . ,Θ ) 1× can be derived and implemented by the differential method aṡ
Two key issues must be clearly identified before the fault severity evaluation by calculating the Gini concordance, which involves the effective period and the amount of the data. Firstly, since the data is always mixed with some redundant or invalid parts, engineers need to process the data to capture the useful segments, seeking out the information which actually reflects the characteristic and uniqueness of the dynamic output. Secondly, according to (15)∼ (19) in Sections 2.3 and 2.4, the output dynamic parameters must have the same amount of data; however, the output parameters are always in different sizes, suggesting that a new concept named effective period of output dynamic properties intended as a measure of deterministic of valid data sections should be proposed. Generally speaking, the effective period of output dynamic properties can be broadly categorized into three types. The graphical representation of these types is shown in Figure 5 . Taking the groups of vectors in Figure 5 as an example, three vectors of the dynamic output are expressed as follows:
The following part of this section gives the definition of the effective period and illustrates the approach of unifying the amount of data.
(1) Dynamic Output of Type I. The first is the stable output without the trend toward convergence or the cutoff points. As shown in Figure 5(a) , curves I and II represent the dynamic output, and the two parameters do not converge to a constant and have no cutoff points. In this situation, the effective period is defined as the same time points
The valid data of this type is shown in Figure 5 (a) as the time interval [0, ] and the amount of data is unified naturally. So we have the final dynamic output vectors
which satisfy
(2) Dynamic Output of Type II. The second is that the output (angular) displacement is converged to a value but the durations to convergence points are not the same as each other. The concept is illustrated in Figure 5 (c) and curves I, II, and III converge to the constant at the time points of , , and . The effective periods of these output parameters are formulated as , , and , respectively. Namely, = , , .
The amount of data will be diverse if the same time interval is selected. In order to adjust the Θ − data into the same amount, the effective period is evaluated by theΘ − Θ curves. At last, according to (20) we obtain the output dynamic vector as
By Lagrange's interpolation [30] , the vectorsΘ andΘ can be described by the -order polynomial
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So the final dynamic output can be calculated bẏ
which satisfies the condition that the dimensions of the vectors are the same.
(3) Dynamic Output of Type III. The third type is that the output (angular) displacements are converged to different values and the duration to convergence points are not the same as each other. The concept is illustrated in Figure 5 (c) and curves I, II, and III converge to the constants I , II , and III at the time points of , , and . The effective period of these output parameters is formulated as , , and , respectively. In order to ensure the unity of the amount of data, two ways of data transformation are proposed in this paper. The first is the data selection technique and the second is the data scaling technique. 
The final output dynamic vectors can be written as
where
And ⌊ / ⌋ denotes the integer part of ( / ).
(b) Data Scaling. The second way to adjust data amount is using the data scaling method. The normalization form of (23) is stated asΘ
Consulting the approach for Type II, the (angular) velocity ofΘ ,Θ , andΘ can also be computed by the differential method. Then, the curves of Type III are transformed into the ones with the same feature as the one of Type II shown in Figure 6(b) . Consequently, the valid data of Type III for Gini concordance can be expressed by the curvesΘ −Θ , as shown in Figure 6(d) . Then, the final dynamic output vectorṡ Θ ,Θ , andΘ can be obtained by the approach as that of Type II.
Severity Ranking by Gini Concordance.
In this paper, the main conception of fault severity evaluation is processed by comparing the dynamic output of the ideal system with faulty system. Aiming at getting the severity ranking, the sample version of Gini concordance is discussed. The normal one is defined as the ideal output, and the Gini concordance measure which lies in the interval [0, 1] is used to evaluate the concordance between the ideal output and the abnormal output. If the Gini concordance is near to 1, the output is as good as the normal output. Otherwise the output is far different from the normal state, indicating that the fault is much more serious. Take the dynamic output shown in Figure 7 (a) as an example; curve represents the normal dynamic output (such as displacement, velocity, and acceleration), and curves ∼ illustrate the dynamic output with four types of faults with the notations ∼ . The Gini concordance shown in Figure 7 (b) indicates that the output of fault has the largest value, which means the output of this fault is the closet to the ideal one. Furthermore, it is quite evident that the fault is the least crucial among all the faults. In addition, the severity ranking of faults via Gini concordance can be summarized as > > > . Strategies for reliability design have the proneness that the faults of and should be largely concentrated to propose concepts and concrete approaches for eliminating faults.
By (15), we define = ( (1) , (2) , . . . , ( ) ) 1× ( = , , ) which denotes the ranks in a sample of size of three vectors Θ ( = , , ), respectively. Likewise the vectorṡ= (̇( 1) ,̇( 2) , . . . ,̇( ) ) 1× ( = , , ) represent the ranks in a sample of size of three vectorsΘ ( = , , ), respectively. The method of calculating the three types of output is described as follows.
(1) Dynamic Output of Type I. As shown in Figure 6 (a), the output in the time interval [0, ] is stable and has no value to convergence. The Gini concordance can be directly used for concordance measurement. The formulae of Gini concordance between curve I and curve II can be written as
Then, the Gini concordance between curve II and curve III can be computed by
(2) Dynamic Output of Type II. The second type is that the output (angular) displacement is converged to a value but the duration to convergence points is different from each other. According to Section 2.4, the Gini concordance between curve I and curve II is [21]
.
And the Gini concordance between curve II and curve III is
. Crack and fracture (1) Make the structure stronger; (2) optimize the structure to minimize the stress 3 Deadlocking of joints/slider (1) Change the material of the friction pair; (2) optimize the protective structure; (3) improve the lubrication 4 L a c k o f e n e r g y (1) Using redundancies as backups; (2) change the motor with higher power 5 S l i p o f t h e b e l t (1) Change the material of the friction pair; (2) improve the preload in the belt 6 Th e o t h e r s Develop strategies depending on the circumstances
Fault Severity Evaluation and Improvement Strategies.
The ranking of the Gini concordance reveals the severity of different faults which helps the engineers detect the fatal fault embedded in the system. It is evident that the more serious anomaly owns the larger value of Gini concordance. Therefore, these types of fault require special attention. The design strategies for typical faults in the mechanical system can be categorized as the wear, crack/fracture, deadlocking of joints, lack of energy, and the others. Generally speaking, the main improvement strategies in design stage for faults in common mechanical systems are shown in Table 4 .
Case Study
Fault Mode of the Solar Array
Mechanism. Solar arrays are one of the most vital links to spacecraft mission success because providing reliable power over the anticipated mission life is critical to spacecraft [1, 30] . The entire running process includes three stages; that is, the deployable solar array is first folded and then deployed and locked in the orbit and finally oriented to the sun to generate power for spacecraft. The running process of a typical deployable solar array is shown in Figure 8 . The catastrophic faults occur frequently in mechanical system of the solar array, which lead to the fault of the entire spacecraft and cause enormous economic loss [1] . Therefore, it is meaningful to study the characteristics of the fault mechanism and provide effective ways to improve its reliability.
In general, the solar array mechanism consists of three kinds of mechanisms [15, 27, 31] , that is, the hold-down and release mechanism, the deployable-locking mechanism, and the orientation mechanism. Take the solar array of DFH-3 satellite which was launched in 1997 as an example; the hold-down and release mechanism contains seven explosive bolts that must be cut off by the knives after the instruction of deployment transmitted from the satellite in orbit. The structure of the hold-down and release mechanism is graphically sketched in Figure 9 (a). As shown in Figure 9 (b), the solar array is composed of four panels marked with 1 , 2 , 3 , and 4 . In addition, the deployable mechanism is the hinge, consisting of the driving spring, locking spring, closed cable loop (CCL), and pins with clearances. The hinges are marked from the satellite to the outside of the solar array as 1 , 2 , 3 , 4 . Torsion springs are often chosen to drive the solar array and the locking spring is used to make the solar array fixed after deployment. The driving mechanism The CCLs meet the requirement of motion coordination and synchronization during deployment, which are organized as CCL 1 , CCL 2 , and CCL 3 in Figure 9 (c). The solar panels are oriented to the sun by orientation mechanism that is composed of the stepping motor and the harmonic reducer. In this paper, only the deployment of solar array is considered, so the target mechanism is comprised of the panels, the driving spring, locking spring, and the CCLs.
According to the method shown in Section 2.1, Table 5 , and Figure 10 we summarize the markers and events of the FTA model [29] , in which ( = 1, 2, . . . , 14) are the notations of the bottom events of the system. Only the course of deployment and locking is considered in this paper.
We invited four experts on the research field of spacecraft engineering or reliability analysis to get the scores of the bottom events and the history data are also used to acquire the adjustment parameter of the th bottom event, namely, ( = 1, 2, . . . , ) ( ≥ 1). According to the Delphi method, four kinds of most dangerous faults are selected. They are deadlocking of hinges, fault of the CCLs, fault of the locking mechanism in the hinges, and fault of the driving torsion springs. The following part of Section 3 will center attention on these four types of faults, exploring the ranks of the fault existed in the components of the related components.
Dynamical Modeling and Experimental Setup.
The dynamical model and experimental setup are the tools for simulation-based technique and the execution-based technique, respectively. So the dynamic modeling and its experimental validation are investigated in the following parts of this section. Figure 9 (c), the equations of motion of a multibody system are efficiently derived by multibody formalisms that are based on data which describe the system elements and topology. Here, the Lagrangian equations of type one are discussed. 
Dynamical Modeling of the Solar Array. Referring to
where = ( I ) is the matrix of kinematic equations, = ( I ) is the mass matrix, ℎ = ℎ ( I , II , ) is the matrix of generalized applied forces due to stresses, gravity, body and surface forces, and torques, = ( I , ) is the × 1-matrix of the implicit position constraint equations, and = ( I , ) is the × -constraint matrix, the Jacobian of . Matrix = ( ) defines functions of time at joints. The matrices in (1) are the sum of matrices that describe a single body and its forces and torques (index ) and a single joint (index ). Thus,
The theoretical analysis, such as (35), helps us to know which parameters should be considered and how to set them. On the basis of (35)∼(36), the deployment of the spacecraft solar array is simulated by the multibody program ADAMS (Figure 11 ). The model is comprised of three aluminum panels ( 2 , 3 , and 4 as shown in Figure 9 ) of 300 mm × 200 mm × 5 mm and one yoke in the size of 150 mm × 200 mm × 5 mm and the three CCLs are appended to the spacecraft. The driving springs and locking springs are installed in the hinges.
Setup of the Deployable Solar
Array. The organization of the setup is organized identically to Figure 11 , consisting of four panels, four hinges, three CCLs, and an orientation mechanism with a harmonic reducer. The sensors are installed in the hinges to measure the angular displacements. The schematic of the experiment system is shown in Figure 12 . The signal collected from the angular displacement sensors is amplified and converted to the analog signal.
Fault Injection Technique for Solar Array Mechanism.
Based upon the fault injection technique depicted in Section 2.2, all kinds of faults are injected into the solar array mechanism. Table 6 shows the simulation-based and execution-based fault injection techniques for the solar array mechanism, and the angular velocities in the hinges are considered as the dynamic output which reflects the dynamic behavior of the solar array mechanism in deployment. Θ and Θ represent the simulation-based and the executionbased output of the angular displacements, respectively. Take the first type of fault as an example; the simulation-based technique and the execution-based technique are shown in the 4th and 5th columns of the table. If we want to simulate the deadlocking of the hinges, we could set = 0 ∘ ( = 1, 2, 3, 4) as the simulation-based technique and insert the locking pin in the hinge to limit its rotation as the executionbased technique.
By solving the dynamic equations and conducting the experiments of the solar array mechanism with faults, the dynamic output can be acquired. The maximum relative error 16 Mathematical Problems in Engineering 
where represents the relative error between Θ and Θ in the sequence and the vectors Θ and Θ are written as
in which is the number of the time points. Finally, the maximum relative error of the th sequence can be defined as
It should be noteworthy that every experiment is conducted for 3 times to get stable and convincing results. Table 7 represents the maximum relative errors between the dynamic output from the simulation and the experiments. It can be observed that the relative errors of the output between the simulation and experiments are all confined within 5%, which proves the validity of the results generated from the simulation by using the fault injection technique. Therefore, in the following part, just the dynamic output from the simulation-based technique is used to accomplish the reliability analysis of the subsystems via the Gini concordance measure. Figure 13 shows the dynamic output of the normal and faulty deployment and the output angular displacements are paid close attention to measure the reliability of the system. Four types of the dynamic output of the angular displacements are shown as the typical examples of the dynamic output. As shown in Figure 13(a) , the dynamic output of the normal deployment is treated as the ideal output, and the angular displacements of the four joints with different kinds of faults are shown in Figures 13(b)∼13(f) .
Dynamic Behavior of the Solar Array Mechanism.
Gini Concordance Measure.
Following the method introduced in Sections 2.3∼2.5, the Gini concordance by comparing the ideal dynamic output with the output accompanied with faults can be calculated. As depicted in Table 6 , four types of faults are considered in this paper. Figure 14 shows the average Gini concordance of the faults. The Gini concordances of the four types of faults are 0.4601, 0.8035, 0.7500, and 0.9372, respectively, which shows the severity ranking of these faults that the deadlocking of the hinges is the most serious and the fault of the driving torsion spring is the slightest anomaly. Table 8 shows the Gini concordance between the deployment with anomalies and the normal deployment. From the values in this table, the conclusion can be drawn as follows.
(1) The deadlocking in hinges is stuck with the deployment angle of 0 ∘ , 10 ∘ , and 60 ∘ with the notation deadlocking 1, deadlocking 2, and deadlocking 3, respectively. The average values of the Gini concordance are 0, 0.4841, and 0.8962, which indicates that the deadlocking is more serious in the initial stage of deployment of the solar array.
(2) As shown in Table 8 , according to the average value of the Gini concordance, the fault of CCL 2 has the greatest Gini concordance value, whereas the fault of CCL 1 gets the smallest Gini concordance value. The severity ranking of this type of faults is that CCL 1 > CCL 3 > CCL 2 , which means that the fault of the CCL 1 is the most dangerous and the designers should pay more attention to this component of the system.
(3) The Gini concordance with the fault of the locking mechanism is summarized in Table 8 . The severity ranking is 3 > 2 > 4 > 1 which reveals that the anomaly of locking mechanism 3 is the most dangerous and needs to be especially reinforced.
(4) The faults of the driving torsion springs are not as serious as the other three kinds of faults ( Figure 14 , Table 8 ). Fault of the driving torsion spring 1 is the weak link among all of the driving springs. As a result, the redundant backup or higher preload should be considered in reliability design.
After the statement of the basic results, details on the reliability design methods are discussed in later sections. 
Strategies for Design Improvement.
On the basis of the ranking of all the faults shown in Section 3.5, the vital links of the solar array can be found. According to the sorting of the reliability indices, the improvement measures are illustrated in Table 9 [1, 27].
Conclusions
It will prevail that the engineers concern more about the dynamic performance of the mechanical systems. By analyzing the dynamic performance, fault injection aims to quantify the confidence that can be attributed to a system by estimating the consequences of possible faults in the system. It is validated that fault injection is a useful tool for fault severity analysis of the multibody mechanical system, especially for seeking out the week links of the subsystems. The proposed method defined the fault injection technique for simulations and experiments and evaluated the severity by the Gini concordance measure. It can be performed on either simulations and models or working prototypes or systems in the field. The case study illustrated the flow of the new method and demonstrates the correctness of it. In this manner the weaknesses of interactions can be discovered, and the severity ranking of the subsystems provides concrete information of weak parts relatively, which helps the engineers configure the blueprint for reliability design [29, 31] . For instance, the CCL 1 and the locking mechanism 3 are the weakest links in the solar array mechanism, which are the useful hints for failure prevention and performance improvement. Future work include the study of the multifaults and the major issue is to rate the efficiency of the operational behavior of the dependable systems. For one complex mechanical system, the dependencies between all the subsystems and components cannot be ignored. This new research is mainly aimed at providing the estimates for the parameters that usually characterize the operational behavior of the mechanical systems, concerning the intrinsic relations in the system. 
